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SUMMARY

The possibilities of altitude combustion blow-out or the need of
additional engines for emergency purposes in multi-power-plant aircraft
point up the need for rapid, reliable turbojet engines starting at high
altitudes. As part of the NACA investigation of altitude starting of
turbo jet engines the altitude-starting limits of = production engine
with an axial-flow compressor and a multiple through-flow combustor were
determined. The ignition limits, Flame-propagation limits, and to a
lesser extent the acceleration limits of the engine were improved to
Increase the starting limits to relstively high altitude.

Ignition characteristice were improved primarlly by replacing the
standard induction ignition systems (0.02 Joule/spark, 800 sparks/sec)
with a high-energy capacitance ignition system (3.7 Joules/spark at
the spark gap, 7 sparks/sec) The flame-propegation limits of the
engine were improved by increasing the size of the cross-fire tubes
interconnecting the combustors. An improvement in acceleration char-
acteristics was obtained by using a variable-areaz exhasust nozzle to
increase the Jjet-nozzle area durling engine acceleration. These changes
produced an incresse in the altitude-starting limit of the engine from
15,000 to 43,000 feet at 0.6 £light Mach number and from sea level o
47,000 feet at 0.8 flight Mach number.

TINTRODUCTION

The loss of power from the gas-turbine power plant of a single-
engine sircraft as a result of combustor blow-out is a hazardous condi-
tion most likely to ceccur at high altitude during violent maneuvers such
as experienced in combat. Also, multiengine zircreft that mey be flying
with only part of the engines operative to obtain meximum range may in
emergency require full power from all the engines. 1In either the restart
following combustor blow-out or the sterting of additional engines, the
safety of the alrcraft and crew may well depend on the ease of restarts
and the time required to obtain full engine power. Conslderable time is
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consumed 1f it becomer necessary to seek a lower altitude or to change
flight speed in order to start effectively and to obtain full power from
a8ll engines. It is therefore highly desirable to raise the altitude-
starting limit of the engine to the meximum altitude operating limit of

the elrcraft over its flight speed range.

Successful starting of gas-turbine engines with multiple combustors
consists of three phases: (1) ignition of one or more of the combustors
containing ignition devices, (2) propegation of flame from the ignited
combustor or combustors to all the other combustors, and (3) acceleration
of. the engine from starting to full speed without exceeding the allowable
temperature of the engine parts and without encountering compressor
surge or stall. Because any one of these factors can limit the altiltude-
starting limits of the engine, it becomes necessary that the altitude
limits of each be extended to the operationsl ceiling of the engine.
Results of fundamental research conducted on the basic processes involved
in gas-turbine-engine starting, such as flammebility limits, minimum
ignition energies, and flame propagation, are reported in references 1l .
to 7. Application‘of these results to single combustor aspparatus is
discussed in references 8 and 9, and the application to full-scale gas-
turbine engines is presented in. references 10 to 13. '

The present investigation was conducted to obtain effective starting
of current gas-turbine engines to their maximum altitude operating limitse,
which in present-day engines at subsonic flight speeds is generally from
50,000 to 60,000 feet. The investigation was conducted in-an NACA Lewis
laboratory altitude chamber over a range of altitudes from seea level to
57,000 feet—at f£light Mach numbers from 0.2 to 1.2 with an axial-flow
turbojet engine having through-flow can-type combustors. Datae are pre-
sented to indicate the best configurations and technigques for ignition,
flame propagation, and engine accelerstion. Included are the effects
of spark-gap locetion, spark-repetition rate, spark energy, and flight
Mach number on altitude-ignition limits; the effects of cross-fire-tube
diemeter and location, fuel volatility, fuel and alr temperatures, and
type of fuel nozzle on eltitude limits of fladie propagation; and the
effect of Jet-nozzle area on altitude-acceleration limits. A portion
of these data were reported in a preliminary report (reference 14) cov-
ering the early part of this investigation. These data are incliuded
herein together with more recent date to provide a complete report of

this asltitude-starting investigation.
APPARATUS
Engine
The turbojet engine used in this investigation hes an sxial-flow

compressor, eight cylindrical through-flow combustors, and a single~
stage turbine. The englne dlameter is 43 inches and the individual
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combustors have meximum diameters of 9% inches, providing a combustor

area equal to nearly 37 percent of the engine frontal area. The ignition
system is an induction-coll-type system producing 800 spexrks per second
of 0.02 joule per spark. Spark plugs are installed in only two of the
combustors. Ignition in the other combustors depends on transporting

the flame from the combustors having spark plugs to the remainder of the
combustors through cross-fire tubes interconnecting the combustors. The
cross-fire tubes are 7/8 inch in diameter.

The engine has a nominal thrust rating of 5000 pounds, and its
performance and starting characteristics are typical of present-day
axial-flow compressor, tubulgr-combustor turbo jet engines.

Installation

The engine was mounted in an altitude chasmber 10 feet 1in dismeter
and 60 feet long, schematically shown in figure 1. Screens and air-
straightening vanes are installed upstream of the test sectlon to provide
a flat veloclity profile to the engine inlet. The Fforward bulkhead sep-
arates the inlet air from the exhaust section and provides a means of
maintaining a pressure difference across the engine. The rear bulkhead
serves as a radiation shield and prevents the recirculation of exhaust
gases sbout the engine. The exhaust gas from the Jjeht nozzle was dis-
charged into an éxhaust diffuser and thence through coolers, confrol
vaelves, snd exhausters to atmosphere.

Instrumentation

Pressure and temperature instrumentation was instelled before and
after each component of the engine &8 shown in figure 2. The instru-
mentation used in this investigation was as followe: At station 1,
eight total-pressure probes and eight thermocouples on equal areas were
used in setting engine ram pressures and temperature. At station 5;
two wall static-pressure orifices were used to cbtain combustor static
Dpressures. At station 6, eight probes (one in each combustor) measured
total pressure and temperature at the combustor outlet; the thermo-
couples were used to determine the sequence of ignition of the combustors.
At station 8, four thermocouples were averaged and used as limiting
temperature messurements during the engine-acceleration investigation.
The exhaust pressure or altitude settings were made with two static-
pressure tubes attached to the 1lip of the Jjet nozzle. Also, in each of
the cross-fire tubes Joining combustors 1, 2, and 3, two totel-pressure
tubes were installed pointing in opposite directions along the cross-
fire-tube axis. These pressure mesassurementis were used to determine the
direction of flow in the cYoss- fire tﬁbes during the investigation of
flame-propagation 1imits.
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Experimental Variables

The varisbles investigeted during this sltitude-starting investlga-
tion are described in table I.

Fuel and fuel systems. - The fuel used throughout most of this
investigation was a low-volatility experimentsal fuel having a 1 pound
per square inch Reid vapor pressure. In order to determine the effects
of fuel volatility on ignition and flame-propagation limits, a fuel with
a Reid vapor pressure of 6.2 pounds per square inch was used. The fuel
inspection data for these two fuels are tabulated in table IT.

A schematic diagram of the fuel system used is shown in figure 3.
The cooler in the bypass system permitted adjustment of fuel temperatures.
A pressure-regulating valve upstream of the throttle replaced the standard
engine fuel controls so as to provide more sensitive control of fuel flows
at the low fuel rates required for starting. TFuel temperature was
measured by an lron-constantan thermocouple in the fuel line downstreanm
of the cooler and checked under starting flow conditlions by another
thermocouple mounted Jjust upstream of the fuel distributor. Although
duplex fuel nozzles were standard equipment for the engine, a set of
varigble-ares fuel nozzles and a fuel distributor were used during the
early phases of the investigation in an attempt to improve the fuel
atomization and to provide equal fuel distribution to the combustors.
Even with this system the results were often difficult to reproduce when
cold fuel was used. This difficulty was sttributed to excessive friction
of moving parts of the nozzle; therefore, the variable-area fuel nozzles
were replaced with small simplex fuel nozzles (5 gal/hr tips) which
produced more consistent sprey patterns and atomization and improved the
reproducibility of the starting data. The simplex fuel nozzles were
used throughout the high-spark-energy phase of the investigation. The
fuel nozzles used in each phase of the investigation are indicated in
table I and on each figure presenting research resultis.

Tenition systems. - The. stendard engline ignition system, schematicelly
represented in figure 4(a), was an induction-type ignition source which
discharged 800 sparks per second at approximately 0.02 joule per spark
through A.C. F-87 spark plugs. In aorder to.determine the effects of
spark energy and spark-repetition rate on ignition limits, the high-energy
capacitance-type ignition system shown diasgremmatically in figure 4(b)
was constructed. For this investigation, the voltage indicated by the
peak voltmeter was held constant at 10,000 volts. Spark plugs used with
this ignitlion system were of two types (1) standard A.C. F-19 spark plugs,
and (2) opposed spark plugs. The opposed spark plugs consisted of two
electrodes spaced 140° apart and installed so as to provide a 0.1l-inch
gep located on the center line of the combustor 5 inches downstream of
the fuel-nozzle tip. Originally the electrodes were constructed from
3/16 inch heavy wall stainless-steel tubing, but these were later replaced
with 5/16-inch Inconel rod to retard erosion and the consequent widening

of the spark gap. o
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For comparative purposes, a second capecltance-type ignition system,
which was belng developed commercially, was investigated. This unit was
operated at four spark-energy levels at 4 to 7 sparks per second and at
a spark potential of 1000 volts. The spark plugs used with this system
were A.C. F-192 plugs. ' '

Spark-energy measurements. - The values for spark energy released
and repetition rete for both the induction and low-voltage commercisl
systems were supplied by the manufacturer. Determination of spark energy
for the high-voltage capacitance system was initially calculated by
using the known capacitance of the condensers and the voltege as indicated
by the pesk voltmeter shown in the circuit disgram of figure 4(b). How-
ever, these measurements were found to be in serious error, because the
condensers apparently did not completely discharge, and there were sppre-
ciable losses in the ignition harnesses and connectors. In order to
determine the energy dissipated at the spark gep, a calorimeter was
developed that may provide e standerd means of measuring spark energy
at the spark gap. A schematic diagram of the calorimeter is presented
in figure 5. Because the measurement of electric surges of short duration,
such as a condenser discharge into & spark gap, was difficult to measure
by voltage and amperage, a comparison was made of the heat output of the
spark discharge with that of a heater coll where the electric power inputs
did not surge and were simple to messure. The spark was contained in a
well-insulated conteiner of extremely low heat cepacity (fig. 5(a)),
where the heat output of the sperk was indicated by a resistance ther-
mometer. The indication of the resistance thermometer wase duplicated by
the heat output of a heater coil where the power input was messured by a
vattmeter (fig. 5(b)), thus determining the power input of the spark from
the measured power input to the heater coil. The heater eoil was made of
Mengenin wire to reduce the variation of power input that would accompany
any change of coil resistance caused by & temperature change. In order to
obtain more accurate spark-energy messurements, especially at low energy
levels, the heat capacity of the calorimeter was kept to a low value. Thus
instead of using standard plugs in the calorimeter, l/z-inch lengths of the
center electrodes were connected to the ignition leads so as to form a
uniform gap of 0.11 inch. All measurements made by the celorimeter were
obtained at approximately sea-level pressure and temperature.

PROCEDURE
Ignition

As was shown in the tabulation of experimental variables, two pro-
cedures were used in obtaining engine altitude-ignition limits. Primarily
these procedures were associated with the method of throttle manipulstion
during sn attempt to obtain ignition.



6 NACA RM ES2103

Varisble-throttle ignition. - With variasble-throttle ignition, the
altitude pressure was set—in the exhaust portion af the altitude chamber,
and compressor-inlet pressure and temperature were gdjusted to simulate
a particular flight speed assuming a 100Q-percent ram-pressure recovery
to the engine. The fuel ‘circulating through the fuel cdoler was adjusted
to equal the compressor-inlet-alr temperature. The engine windmilling
speed was stabilized and the engine windmilled freely at the desired
compressor-inlet temperature for approximaetely 2 minutes to allow the
temperature of engine parts to stabilize. . Then the ignition was swivched
on and the throttle slowly opened until ignition was obtained or until
a fuel flow sufficient to ensure & mixture well above stochlometric in
the combustion zone was obtalined, after which the throttle was slowly
closed. The entlire throttle manipulation was timed in order to complete
the cycle in 30 seconds, at which time the ignition weas automatically
cut off. Although this method was simple and gave reasonably reproducible
results, 1t was not particularly adapteble to an aircraft automatlc control
system, in which it would be desirable to have a simple schedule of fixed
flow rates for each flight condition. S .

Fixed-throttle ignition. - In order to simulate more accurately
starting with an automatic control system, near optimum fuel flow was’
determined for altitudes above 35,000 feet. These fuel flows were then
fixed for each flight condition as part of the starting procedure. The
fixed-throttle starting procedure consisted of establishing altitude and
ram pressures and engine-inlet air and fuel temperastures as before. The
fuel was then set at the predetermined fuel flow and the lignition turned
on for 30 seconds. With each starting system, several attempts were
made to obtaln ignition at each simulated flight condition. The flight
condition was designated as an igniteble flight condition only if ignition
was established for each of the several attempts to obtaln ignition. The
altitude increments Investigated varied from 2000 to 5000 feet.

Flame Propagatlon

The flame-propegation phase of the investigation was carried out by
going through a normgl ignition procedure and noting the sequence of
flame propagation on the gages connected to. the thermocouples In each
combustor exit. Unless all bhurners were ignited wlthin 30 seconds, flame
propagation was considered incomplete.

Acceleration

The time required for acceleration was determined by going through
a normal starting procedure, completely igniting all burners, and then
manipulating the throttle to hold limiting tail-pipe temperature as near
as possible. The acceleration time was taken as the time from the instent
flame propagation was complete to all burners until 75 percent of rated’
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speed was reached. Engine speed was limited to about 75 percent of rated
speed by the flow rate of the simplex fuel nozzles used during the msajor
portion of thls investigation.

RESULTS AND DISCUSSION

As pointed out earller, a complete start of a multlcombustor
turbojet engine is composed of three distinct phases, namely: (1) estab-
lishing ignition in the combustors having ignition sources such as spark
plugs, (2) propagation of flame from the ignited combustors to the
remaining combustors through the interconnecting flame tubes, and
(3) acceleration from the starting engine speed to a useful speed. The
altitude 1imits for each phase of the sltitude start are shown in fig-
ure 6 for the engine in the standard configuretion, except that variable-
area fuel nozzles were used 1n place of the standard duplex nozzles.
Acceleratlon of the rotor in an arbitrarily selected maximum time of
1 minute restricted altlitude starting to 14,000 feet at a flight Mach
number of 0.20. As flight Mach number was increased, the sterting limit
increased to 29,000 feet at a flight Mach number of 0.41. At £flight
Mach numbers greater than 0.41 failure to obtain ignition imposed the
limiting altitude at which a start could be made and reversed the trend
exhibited by the accelerstion limit; untll at a £light Mach number of 0.8,
starting was limited to sea-level conditions. The rapid decay of the
altitude-ignition 1imit as flight Mach number increseed was attributed
to the increesed air veloclity through the combustor which accompanied
an increased windmilling engine speed. The flame~propagation limit was
high enough (30,000 ft) to exceed either the ignition or accelerstion
limits at all £flight Mach numbers and therefore 4id not restrict engine
starting. Nevertheless, if the altitude-starting limit is to be raised
to an altitude of about 50,000 feet, which is near the altitude operating
1imit of most current engines, then all three phases of the engine start
must be improved.

Altitude Ignition

Such factors as combustor configuration, operational conditions,
and fuel propertles, which affect ignition in gas~turbine engines, have
been individually investigated (references 1 to 13). From these investi-
gations the following criteria for good combustor ignition characteristics
have evolved: (1) high pressure and temperature and low velocity in the
ignition zone; (2) a fuel-vapor to air mixture near stoichlometric in
the spark-plug gap, which requires both a relatively volatile and well-
agtomized fuel; QS) ebsence In the ignition zone of large quantities of
ligquid fuel that tend to quench any initiated combustion; (4) a well-
formed spray pattern over the starting speed range and under the lowest
fuel temperatures likely to be encountered; and (5) sufficlent spark
energy for ignition at the existing pressure, temperature, and veloclty
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conditions. The application of these c¢riteris to improvement of the - .~ . . [ - . ..
altitude-ignition limit of the engine whose gltitude-starting limit—is o
shown in figure 6 is described in the followling paragraphs. o

Effect of fuel 'volatility. - In view of the need of vaporized ) .
fuel for ignitlon, it would be_ expected that when fuel volatility is
increased, wlth the consequent increase in evgporation rate, the fuel-
air mixture would generally be less difficult to ignite. The improvement
in eltitude-ignition limit when the fuel volatility was increased from
1.0 to 6.2 pounds per square inch Reld vapor pressure is shown in fig- T
ure 7. At a flight Mach number of 0.4, the increased fuel volatllity
increased the altitude limit by 15,000 feet: At higher flight Mach
numbers the improvement wes less sighificant. '

A highly volatile fuel, however, leads to additional problems in
flight; for unless the fuel tenks are pressurized, a large percentage
of the fuel can be lost by boiling off the more volatlile fuel fractions
at the low pressures existing at altitude, This loss not only reduces
aircraft range, but the advantage of the more volatile fuel 1g lost as
the more volatile fractions boll away. For .this reason there is at

present a trend towards less volatile fuels for turboJet engines; and ¥

in order to cover the more adverse conditions for starting, the 1 pound :

per square inch Reid vapor pressure fuel+was used throughout the remainder c e

of the investigation. T .
Effect - of fuel and sir temperatures. - Because the rate of evapora-

tion of fuels decreases wilth decreasing temperature, a reduction in

fuel and sir temperdtures would be expected to lower alfitude-ignition
limits. The effects of independently varying fuel and engine inlet-alr
temperstures at a Flight Mach number of 0.6 are shown in figure 8. As
either fuel or air temperature was decressed, there was & progressive
decrease in altitude-ignition 1limit. A reduction in fuel temperature-
from 30° to -2° F generally reduced the altitude-ignition limit less

than 5000 feet; but when the fuel temperature was reduced to -30° F, =&
very abrupt lowering of the altitude.limit was found with engine inlet-
air tempersture lower than 0° F. This abrupt reduction in sltitude limit
was first believed to result from a deterioration of atomization as the
fuel viscosity increased. The Tuel viscosity increase, in turn, resulted
from the lowered heat transfer from the fuel to the fuel nozzle at the
lower air temperatures. The higher viscosity would tend to reduce the
energy in the fluid stream available for atomlzation; furthermore, the
cold fuel nozzle might cause binding of the moviang parts. A subsequent
visual examination of the spray cone on the flow bench with cold fuel,
however, did not reveal any differences in spray pattern. Additionsl
evidence that the nozzle was operatling setisfactorily wes found in that
at sea-level static conditions igmition was obtained with fuel and air
temperatures as low as -50° F (the limit of the refrigeration system for -
the air flows required) It 1s concluded that fuel-spray pattern and - B
nozzle binding were not responsible for the gbrupt drop in ignition limit.
In all probabllity, ignition was of & bordérline nature and st the lower
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fuel and ailr temperatures and resultant lower vaporizatlon rates, the
high air velocities through the combustor at the 0.6 £light Mach number
swept the vaporized fuel from the combustor before an ignitseble fuel-
vapor and air mixture could be estgblished. At sea-level static con-
ditions, the longer residence time (lower air velocity in the combustor
at engine cranking speeds) allowed the esteblishment of & combustible
fuel-vapor and air mixture which is ignitable &t the existing pressure
level in the combustor.

Effect of spark-gap immersion. - Injection of 1liquid fuel in the
form of a hollow cone into the engine combustor results in & very strati-
fied fuel-air mixture. If the spark electrodes sre directly in the
liquid fuel stream, ignition is difficult because of the quenching action
of the fuel. If the spark electrodes are too far from the fuel-spray
cone, the mixture may be too lean for ignitlion. In order to explore
this effect, the spark plug was moved both fore and aft of its standsrd

location. In the nominally 7%—inch-diameter combustor liner, the sperk

gap was 2 inches downstream of the fuel-nozzle tip and penetrated into
the liner far enough to be just inside the nominal fuel-spray cone

of 120°. With the spark plug moved farther upstream into the combustor
dome and with the spark gep outside the fuel-spray cone, the altitude
ignition was much poorer than In the standard location. When the spark
plug was moved 2 inches farther downstream, starting was better than it
was with the dome locgtion but not as good as with the standard locatlon.
At the standard location, the spark gap was progressively inserted
radially into the combustor until the combustor center 1line was reached
(reference 14). BEach increased increment of immersion appreclebly
increased the sltitude-ignition limits. In the present investigation
the spark electrodes were lengthened to move the spark gap to the center
line of the combustor, and the improvement in altitude-ignition limit is
shown in figure 9. At flight Mach numbers of 0.4 and below, there was
no improvement in altitude limits; but at the higher flight Msch numbers,
appreciable improvements were obtained. At 0.8 flight Mach number,
moving the spark gap to the center line of the combustor raised the
altitude-ignition limit from gbout sea-level conditions to 20,000 feet.

This improvement may indicste that at the low flight Mach numbers
fuel vapor was present in sufficient quantities at both locations because
of the relatively low alr velocities in the combustor. At the higher
flight Mach numbers the fuel vaepor was swept awey from the spark gap
by the higher combustion-chamber velocities at the standard locstion;
whereas, 1t was afforded a more sheltered region for fuel-vapor accumuls-
tions and ignition at the center location.

Effect of spark energy. -~ It would be expected that deficiencies
in atomization, vaporization, and in fuel-vapor and air mixture, or
excessive velocities or low temperstures could be partially overcome by
increased spark energy. The high-energy capacitance ignition system
shown in figure 4(b) was therefore constructed to investigate the
effects of spark energy on altitude ignition. The capacitance-type
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ignition unit allowed an increase of several hundred times the energy
per spark obtainable from the standard induction-type ignition unit.
Obviously, to comnstruct an induction-type unit to produce the same
energy per spark would requlire a unit meny times the size and weight of -
the capacitance system.

In the early phase of the high-energy ignition investigation, results
were quite erratic. In order to lmprove reproduc¢ibility, the variable-
area fuel nozzles were replaced with S5-gallons-per-hour-tip simplex fuel
nozzles, as it was thought that the moving parts in the variable-area
nozzles might be sticking under the cold altltude-starting conditions.
Some difficulty was also experienced with arcing in the-standard spark-
plug cable connectors. Two spark plugs containing only center electrodes
were then installed in each of the two igniting combustors. They were |
placed sbout 140° apart in the combustor shell, so that the electrodes
came together in the center of the combustor to form the spark gap. The
"hot" ignition lead wes then soldered to the center electrode of one
plug, and the other electrode was grounded. The soldered Joint was
covered with Saran tubing filled with a silicone compound to prevent
corona losses. These changes improved the reproducibility. With this .
configuration, the spark-energy output requlred for ignition as altitude o
was increased is shown in figure 10 for a constant flight Mach number
of 0.6. The altitude-ignition limit increased rapldly from 35,000 feet
at 0.23 Joule per spark to 45,000 feet at 0.5 Joule per spark. Approxi-
mately 1.4 Joules per spark sppeared necessary to obtain ignition et an
altitude of 50,000 feet. Any further altitude increase appeared gquite
difficult to realize, for it was not possible to obtain ignition at
55,000 feet with the highest available spark energy (about 3.7 Jj).

For comparison, the sltitude-ignition limits of—the standerd
induction-type ignition system with both the standard and fully immersed
spark-gap locations are shown in figure 9 to be 15,000 and 25,000 feet,
respectively. This comparison is of particular interest, inasmuch as
the standard induction system with 800 sparks per second and 0.02 Joule
per spark or 16 watts (800X0.02 = 16 j/sec = 16 w) provided ignition to
only 25,000 feet as compared with 50,000 feet for about 1.4 watts from
the capacitance ignition system. This comparison indicates the possi-~
bility of a 25,000-footimprovement in ignition limit, 1f the low spark
energy were increased at the expense of the high repetition rate.

Effect of spark-repetition rate on power required for ignition. - The
effect of spark-repetition rate-on the spark energy required to provide
ignition at an altitude of 50,000 feet at a flight Mach number of 0.6 is
shown in figure 11(a). At & spark-repetition rate of 1 spark per second
these date indicate that 2.14 joules per spark are required to produce -
ignition. Bowever, the large increments of spark energy (1.03 to :
2.14 j/spark) imposed by the condensers built into the high-energy
ignition system did not permit accurate determination of the energy v
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required for ignition. Extrapolation by several different methods showed
that ignition could be cobtained at the 50,000-foot O.6-Mach-number con-
dition with approximastely 1.4 joules per spark at 1 spark per second
(fig. 11(a)). These values are also in agreement with the data of fig-
ure 10. When spark-repetition rate was increased to 188 sparks per
second, the energy required for ignition decreased to 0.34 Jjoules per
spark. The predominant effect of spark energy ies evident from the

188:1 increase in spark-repetition rate required to offset a 4:1 decrease
in spark energy.

The advantage of low repetition rate is more foreibly demonstrated
in terms of the power required for ignition (fig. 11(b)). OFf course,
power requirements should be kept low to keep the battery drain to a
minimum. At & sperk-repetition rate of 188 sparks per second, the power
required to establish ignition was 62 watts, whereas only 1.4 watts
were required at 1 spark per second. It is therefore apparent that use
of a combination of high spark energy and low repetition rate will pro-
duce ignition for the minimum expenditure of power.

The advantage of the high energy - low repetition rate combination
ie undoubtedly a result of the high concentration of energy, which can
locally vaporize fuel, overcome the disadvantage of nonideal fuel-vapor
and air mixtures, and establish a sufficiently strong flame front to
propagate to all parts of the burner.

Comparison. of performance of two high-energy ignition units. - The
advantage of high-energy - low spark-repetition-rate ignition units has
been shown. Obviously there are many details of design that can be
varied. In addition to the NACA-designed high-energy system, a unit
being -developed commercislly was made available to the NACA; and the
performance of these two units was compared. The commercial development
unit used s low-energy 15,000-volt spark to ionize the spark gap, and
after the gap was lonized the high-energy sperk was discharged at sbout
1000 volts. Several condensers which were available for this unit allowed
spark-discharge energies from 1.24 to 4.75 Joules per spark. The sparking
rate was controlled by a sealed spark gep that provided approximately
7 sparks per second and discharged through a standarl A.C. F-19 spark
plug. The 10,000-volt NACA unit (schematically shown in fig. 4(b)) was
also adjusted to produce 7 sparks per second but was discharged through
the 3/16-inch-diameter electrodes with the spark gap located at the
center of the combustor. A comparison of the performance of the two
units is presented in figure 12. At the lower spark energy, 1l.24 jJoules
per spark, of the unit being developed for commercial purposes, ignition
was possible to 42,500 feet; whereas the 10,000-volt or high-voltage
unit provided ignition to 50,000 feet with the same spark energy. The
advantage of the high-voltage system over the commercigl system is
attributed to the center-of-combustor spark-gep location. However, at
the higher spark energies, the commercial system produced ignition limits
equal and poesibly superior to those of the high-voltage systems.
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Because of the effects of spark-gap locatlon and spark-electrode
size, a direct comparison of the two ignltion systems is impossible.
However, wlth elther system with spark energies of about 3.7 Jjoules per. D=
spark and at 7 sparks per second, lgnition was possible tg 53,000 feet
under the quite adverse conditions imposed by use of a ¢d1d low volatile
fuel and a relatively high flight Mach number. ' .

It is of interest that early in the program, altitude ignition was
obtained to an altitude of 60,000 feet at a flight Mach number of .6
with 3.7 Jjoules per spark at 7 sparks per second. The 60,000-~fcot
ignition wes obtained with 3/16-inch-diameter heavy wall Inconel tubing
as the electrodes. The rapid eroslion of the tublng greatly reduced system
relisbility, and the tubing was replaced with.s/ls-inch rod, which
resulted in the lowering of the ignition 1imit to 53,000 Feet.

Effect of fiight Mach number. - It has been shown that with the
standard-engine low-energy spark system the effect of increasing flight
Mach number was to decrease rapidly the altitude at which ignition cculd
be obtained, and that at 0.8 flight Mach number ignition was not possible
except at sea-level condlitions. Moving the spark gap to the center of
the combustor ralsed the ignition limit from sea level to 20,000 feet. .
The ertrect of flight Mach number with the high-energy system (10,000 v,
3.7 j/spark, 7 sperks/sec) is shown in figure 13. The characteristic
decrease in altitude-ignitlon 1imit is asgain apparent as flight Mach
number was increased from 0.4 to 1.0. At flight Mach number of 0.4,
0.6, 0.8 and 1.0 thie corresponding altitude 1limits were 55,000, 53,000, T
47,000 and 46,000 Teet respectively. As flight Msch number was  _ . R
increased from 1.0 to 1.2, the altitude-ignition limit rose rapldly
from 46,000 to 56,000 feet. This improvement was & result of rapidly
increesing combustor pressure and temperature, which overcame the adverse
effects of high air velocities and high turbulénce. ’

The reversal in trend of the ignition limit with increasing flight o
Mach number is important, for it shows that the high subsonic inter- : ;
ceptors and bombers will have the greatest difficulty obtainling ignition

when there 1is combustor blow-out or when additional engines are to be

started to increase flight speed. On the other hand, it is apparent that

englnes of this type will be more easlly ignited at supersonic flight

speeds than at subsonic speeds. ' '

Effect of ignition harness and connectors. - Data thus far considered
have shown that the most efficlent system for providing ignition to
altitudes up to 50,000 feet would have a low spark-repetition rate and
a high spark energy of 3 to 5 Joules per spark in the spark gap. In
order to provide the required spark energy at the spark gap, system losses
must be carefully considered. Of particuler interest are the large losses -
inherent in the ignition harness and its commectors. As previously
mentioned, the ignition harness supplied with the engine proved unestis-
factory when high-energy capacitor discharges were introduced into the -
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harness because of losses encountered in both the connectors and the
cable. The losses 1n the connectors were a result of high electric
resistance of the parts and the presence of corons at high altitude.
The connectors were filled with & silicone compound to eliminate air
spaces around the high-voltage electric conductors and thus prevent
corona. But the design of the connectors was not conduclive to easy
purging of the alr spaces, and air pockets frequently existed. Thus
corona losses reduced the spark energy at the spark gap; and in some
cases the silicone compound appsrently decomposed and short-circuited
the spark plug, which prevented further discharges at the spark gap.
The shielded csble also introduced large losses as a result of high
electric resistance. In order to determine the magnitude of the resist-
ance losses, a stendard 3-foot cable without commnectors with & resistance
of approximately 1.2 ohme and & special 3-foot cable of 0.007 ohm were
compared by means of the calorimeter shown in figure 5. Power was
supplied by & capacitor charged to 1000 volts and discharged once each
second. The energy measured at the spark gap with the standsrd csble
was 1.2 joules per spark, while 4.8 Joules per spark were obtazined when
the special cable was used. Additional losses would have occurred if
the standard connectors had been used, because the spring contactors

on the cigarette tips each have a resistance of approximately 0.2 ohm.
Thue the spark energy available at the spark gap may be more than quad-
rupled if the standsrd ignition harness is replaced by harness of low
electric resistance. B

Flame Propagation

After ignition is established in one or more combustors contalning
ignition devices, the second phase of a successful stert is to obtain
propagation of £lame from the ignited to unignited combustors through
the interconnecting cross-fire tubes.

In order to gain a better understanding of the flow conditions
involved in flame propagation, two cross-fire tubes in one combustor
were instrumented as shown by the sketch in figure 14. The differential.
of two total-pressure probes located in each tube was traced on an
osclllograph so that a poeitive value represented flow from the ignited
to the unignited combustor, while negative values indicated the reverse.
A tracing of the osecillograph data of an attempted start at 45,000 Feet
and a flight Mach number of 0.6 is shown in figure 14. The initial
outlet temperature was the same for each burner, but the traces have
been separated for clarity. Because the spark plug was located in
combustor 2, the first indicatlon of temperature rise occurred in com-
bustor 2 and at approximately 0.9 second after energizing the ignition
system. At the same time a velocity in cross-fire tubes A and B from
combustor 2 into combustors 1 and 3, respectively, was indicated on the
oscillograph trace. After 8 seconds had elapsed, the discharge tempera-
ture from combustor 2 and the veloecities in both cross-fire tubes had
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gradually increased to considerebly higher values. It 18 therefore .
evident that the flow through the cross-fire tubes is established as a

result of ignition in a particular combustor which glves & smsll rise

in pressure level in the ignited combustor. The pressure differential -
between the ignited combustors and unignited combustors results in the

flow of lgnited gases through the cross-fire tubes to ignite the adjacent

combustors.

Referring agein to figure 14, combustor 1.ignlted after approximately
9 seconds, at which time the velocity in tube B again increased; but ) _m
because the pressure was nearly equalized between combustors 1 and 2,
the veleccity in cross-fire tube A decreased essentially to zero. .After o
18 seconds combustor 3 ignited, and the velocity through cross-fire
tube B was also reduced.to nearly zero. If the traces had been con-
tlnued for several minutes to sllow the temperatures to eguallize 1in all
three combustors, the velocity through cross-fire tubes A and B would
have been entirely eliminated.

The gases flowing through the cross-fire tubes obviously must be
capable of supporting combustion, and the success of the flame-propagation
process 18 therefore subject to the mixture and gquenching verisble pre- .
viously discussed in connection with ignition. It has also been shown
in laboratory tests that the flammability limits of a mixture are greatly
influenced by the quenching action of cold walls of small tubes (ref-
erence 7). Because the cross-fire tubes were only 7/8 inch in dlameter
in the engine used . in this investigation, and the altitude propagation
limited to only 30,000 feet (fig. 6), cross-fire-tube diameter was
investigated as & meéans of raising the altitude-propagatton limits of

the engine.

Effect of cross-fire-tube diameter. - The cross-fire-tube dlameters
were lincreased from the standard engine 7/8-inch diameter to 13 and then
to 2 inches in dismeter. The altitude flame-propagation limitd for these
configurations are shown in figure 15 for = range of flight Mach numbers.
The increase in diameter from 7/8 to 12 inches increased the altitude
limits at flight Mach numbers of 0.4 to 0.8 from 30,000 t0 45,000 feet.
Increasing the cross-fire-tube diameter to 2. inches resulted in success-
ful propagation to the maximum altitude at which lgnition was obtainable,
55,000 feet. These propagation limits were obtained, however, by con-
siderable throttle manipulation with flame propagation usually being
obtained by reducing fuel flow momentarily to a nearly closed throttle
condition. Such a manipulation does not lend itself to automatic start=
ing systems, however, and an additional investigation should be made to
determine the propagation limits with large cross-fire tubes and the

seme fuel flows as required for ignition.

Effect of cross-fire-tube location. - Cross-fire-tube dtameter has
been shown to have a major effect on altitude-propagation limits. It __ .. .-
would be expectéd, also, that the location of the cross-fire tubes with
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respect to fuel-spray path and combustor flame front could also be
critical. The results of an investigation of axial location of the
cross-fire tube is shown in figure 16. As the 2-inch-dismeter cross-
fire tube was moved from the standard englne cross-fire-tube location

(5 in. downstream of the fuel-nozzle tip) to 7.5 and 10 inches downstresm
of the fuel-nozzle tip, there wase a progressive drop in propagation
limits from about 55,000 to an average altitude of 45,000 feet. In an
earlier investigation the cross-fire tubes had been moved up into the
combustor dome, where it was found that flame propagation was impossible
at any altitude apparently bhecause of a complete absence of flame near
the liner well in this reglon. In the 93-inch combustor under investige-

tion and with a fuel nozzle having a now?nal fuel-spray cone angle of
120°, it is concluded that the 5-inch location is near optimum for high-
altitude propagation.

Effect of fuel stomization and fuel volatility. - The requirement
of a near stoichiometric fuel-vapor and air mixbture with a minimum of
unvaporized fuel for rapid intense flame propagation points to the
importance of fuel voletllity and stomization as probable factors in
the flame-propagation altitude limlts. The effect of fuel volatility
is shown in figure 17, where the increase in Reid vapor pressure from
1.0 to 6.2 pounds per squaere inch increased the propagation 1imit by
gbout 5000 feet when the 7/8-inch-diameter cross-fire tubes and duplex
fuel nozzles were used. The effect of etomization was qualitatively
Investigated by comparing propagation limits with duplex fuel nozzles,
varisble-area fuel nozzles, and S-gallons-per-hour-tip simplex fuel
nozzles (fig. 18). The difference in propagation limit was small with
the different nozzles, and in no case was there a difference in flame-
propagation limit greater than 5000 feet.

The primary Tactors in providing a reliable high-altitude flame-
propagatlion system therefore appear to be the use of large-diameter
cross~-fire tubes, which undoubtedly should be as short as possible to
keep quenching effects to a minimum, and the proper locatlon of the
cross-fire tubes wlith respect to the fuel-spray pattern and the flame
front.

Engine Accelerstion

Bffect of altitude and flight Mach number. - The third phese of a
successful engline start is the acceleration of the engine rotor from
the speed at which fleme propagation was eccomplished to normal operating
speeds. At sea-level or low-altitude conditions the margin of turbine
power for rapid acceleration is designed into the engine. At high
altitude, where the compressor-inlet-air density meay be as low as one-
tenth that at sea level, the turbine power will have decreased by about
the same ratio; while at the same time the inertis of the rotor masses
to be accelerated has not changed. A large increase 1n the time required
to accelerate the engine to a normal operating speed may then be expected.
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Figure 19 1indicates that there is a rapld increase in time reguired to
accelerate the engine to 75 percent of meximum speed as altitude is
incressed. For example, at 0.6 flight Masch number the time required for
acceleration increases from 1.1 to 6 minutes as altitude is increased
from 45,000 feet to 54,000 feet.

Increased £flight Mach number, however, has & very favorable effect
on acceleration.: With the higher pressure ratio across the engine at
high flight Mach numbers, the initial or engline windmilling speed is
much greater and requires a smaller speed increase in the scceleretion
phase of the start. At an seltitude of 47,000 feet (fig. 19), the time
required for acceleration was reduced from S5 minutes to 0.9 minute as
flight Mach number was increased from 0.4 to 0.8, Time reguired for
acceleration at altitude can then be reduced by diving the airplane to
increase flight Mech number.

Effect—of varlisble-area nozzle. - The time required for engine .
acceleration at high altitudes is extremely long, and reéquiring the pllot—— S
to dive the aircraft to reduce engine accelersation time is often imprac-
ticeble. Since it appears impracticeble to reduce greatly the inertia of .
the engine rotor, the only simple method of reducling acceleration time '
is to intrease the power obtainable from the turbine. 8ince turbine- -
inlet gas temperatures cannot be increased because of materisl limita- o
tions, 1t is necessary to increase the pressure drop across the turbine -
by meens of & variable-area Jet nozzle. The effect of Increasing the
Jjet-nozzle area 40 percent is shown in figure 20. At an altitude of
47,000 feet and a flight Mach number of . .0.4, the acceleration time was
reduced from 5.0 to 3.0 minutes, a reduction of 40 percent. Even this
reduction is insufficlent for combat sircraft; and other methods of
assisting the engine acceleration, such as adjustable turbine-nozzle _ . o
blades to increase turbine pcwer at very low engine speeds, should be ’ -
explored.

Over-All Improvements in Altltude-Starting Limit

The improvements in altitude-starting limits mede possible by some
of the techniques discussed in.this paper will be demonstrated by com-
parison of the standard engine and final configuration altitude-starting = . e
limits. A comparison of standard and final engine configurations is ' '
presented in the following table: i ) ) o T o o
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Ttem Standerd engline PFinsl englne
equipment equipment
Type of ignition Induction Capacitance
Peak voltage, volts 15,000 10,000
Sparks per second 800 7
Joules per spark 0.02 3.7

(at spark gap)

17

Spark plugs Champion F-19 Opposed electrodes
Spark-gap location 3/4 in. inside |Center of combustor
combustor
Fuel nozzles Duplex Simplex
(5 gal/hr tips)
Cross-fire-tube diameter 7/8 in. 2 in.
Jet nozzle Fixed Varieble

The range of altitudes and flight Mach numbers over which altitude
starts could be obtained is shown in figure 21 by the area shaded with
the parallel lines, whille the large gains in altitude staerting obiained
by these slterations are represented by the cross-hatched asrea. A
meximum time of 1 minute was selected (as in fig. 6) as the basis for
the gltitude-acceleration 1limit. At a flight Mach number of 0.4 the
acceleration limit was plotted for the engine with the Jet area increased
by 40 percent, which indiceted an additional 7000-foot-altitude improve-
ment as compared with the original Jet-nozzle area. The flame-propagation
limits are not indicated for the altered configuration, because gltitude
starting was limited only by ignition and acceleration. Flame propagetion
was obtained at all altitudes at which ignition could be achieved. How~
ever, high-altitude flame propagation could not be achieved with the fuel
flow required for ignition but required momentary throttling to a lower
fuel flow. Finally, the data of figure 21 show that the configuration
changes produced appreciable gains 1in' the altitude-starting limit. At
0.6 flight Mach number the starting limit wes increased from 15,000 to
43,000 feet, & gain of 28,000 feet; while at a flight Mach number of 0.8
the altitude-starting limit was increased from about ses level to
47,000 feet.
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CONCLUDING REMARKS

The present investigation shows methods of improving the altitude-
starting limits of a turbojet engine. At a flight Mach number of 0.6
the altitude-starting limit of the production-type turbojet engine was
increased from 15,000 to 43,000 feet, and st a flight Mach number of 0.8
the altitude 1limit was increased from sbout ses level to 47,000 feet.

The improvements Iin altitude-starting limlt required improvement in all
three phases of the engine start: (1) ignition of the combustors con-
taining spark plugs, (2) propagation of flame through the cross-flre
tubes to ignite the remasining combustors, and (3) acceleration from wind-
milling speed to a useful rotor speed.

Of the many veriebles investigated, lincreasing the spark energy at
the spark gap provided the greatest—galn in altitude-ignition limit.
Replacing the engine ignitlen system which provided 0.02 Joule per spark
and 800 sparks per second with a high-energy capacitance-ftype ignition
system providing 3.7 Joules per spark st 7 sparks per second Increased
the altitude-ignition limit from 15,000 to 53,000 feet at 0.6 flight
Mach number and from sea level to 47,000 feet at 0.8 flight Mach number.
In order to obtain a high energy at the spark gap, it was necessary to
replace the standard ignlilon harness and connectors with a low-
resistance cable and low-reslstance connection to the spark plugs. It
appears that emphasis on low-resistance ignition cables, on low-
resistance positive contact connectors, and on care to keep corona
losses to a minimum is essential if the high energy froum a capacltance
discharge system is to reach and be dissipated at the spark-plug gap.

The propagation of-flame from combustors having spark plugs to the
remaining combustors was limlited in the original engine to altlitudes to
30,000 feet. An increase in the cross-fire-tube diameter from 7/8 to
2 inches improved the flame-propagation ability to the extent that
propagation could be cobtalned at any altitude at which ignition could
be obtained. Throttle manipulation, however, was an Iimportant factor
in obtaining high-altitude flame propagation.

Accelerstion of the engine at high altitude without exceedlng
1imiting turbine-outlet temperastures required excessive time intervals.
At 47,000 feet and a Tlight Mach number of 0.4, 5.0 minutes was required
to accelerate the engine from windmilling speed to 75 percent of maximum
speed. The use of a variable-area Jet nozzle to increase the nozzle
area 40 percent during acceleration decreased the time required for
acceleration from the 5.0-minute interval to 3.0 minutes, a reduction
of 40 percent. o S e . )

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aerconautics

Cleveland, Ohio
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TABLE I - EXPERTMENTAL VARTABLES

W
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Variable investigated Fuel nozzle Throttle Fuel Ignition system Spark plugs Flight conditions
eontrol Altitude | Mach
(L) nunber
Ignition
Fuel volatility Variable-aree |Varied [MIL-F-5524f Induction - [Standerd A.C. F-67(Bes level-{ 0.2-0.8
and 1 1b | 800 sparks/sec 50,000
Reid vapor| 0.0z j/epark
pressure
Fuel and air Varisble-area |(Varied |1 1b Reid Induction - |Standard A.C. P-67{ 10,000 - 0.6
temperatures vepor 800 sparks/sec 35,000
pressure | 0.02 j/eperk
Sperk-gap immersion Varisble-area jVaried ]I lb Reld Induction - A.C. F-6T7 with (Ses level 0.2-0.8
into combustor vapor |800 sperks/sec lengthened 40,000
pressure .02 j/spark electroden
Sperk energy Simplex, 5 gal/hr|Varied |1 1b Reid High-energy |Opposed electrodes| 35,000 - 0.6
tips vapor cepacitance 55,000
pressure
Spark-repetition rate Simplex, S g:l./h.r Fixed 1 1b Reild High-energy |Opposed elmcirodes] 50,000 0.6
and power required for tipe vapor capacitance
ignition pressure
Comparison of two capa- |Bimplex, S5 @.‘L/hr Fixed 1 Ib Reid Bigh-emergy |Oppoged electrodes| 35,000 - 0.6
citance-type units with tips vapor unita: Standard A.C. F-19| 50,000
different voltages pressure 10,000 v sperk
and
1,000 v spark
Flight Mech number Bimplex, 5 ga.'l./hr Fixed 1 1b Reiq High-enargy |Opposed slectrodes| 46,000 - {C.4-1.2
tips yapor capacitance 57,000
Preseurs 10,000 v
Flame propegation
Crosg-fire-tube diameter Variable-ares |Varied |1 1b Reid High-energy |Opposed electrodes | 50,000 - | 0.2-1.0
(0.875 to 2.0 in.) vapor capacitance 50,000
Pressure 10,000 v
Cross-fire-tube loeation | Varisble-area |Varied |1 1b Reid High-enargy |{Opposed electrodes | 42,500 - {0.4-1.0
vapor capacitance 55,000
pressure 10,000 v
Fuel volatility Varisble-ares |Varied |MIL-F-5624| Induction - Stendard A.C. ¥-67 | 50,000 - | 0.4-0.8
and 1 1b (800 sparks/sec 40,000
Reid vapor|{ 0.02 j/spark
Pressure
Fuel atomization Verigble-area jVaried |1 1b Reid High-energy |Btanderd A.C. F-67 | 45,000 - j0.4-1.0
characteristics Bimplex vapor capacitance 50,000
Duplex pressure 10,000 v
Engine ecceleration
Flight Mech number Bimplex, S gal/ln- Varied |1 1b Reld High-energy |Opposed electrodes | 35,000 - j0.2-0.8
and altitude tipe vapor capacitance 54,000
pressure 10,000 v
Variehle-area exhaust Simplex, S gal/hr|Varied |1 1b Betd High-epergy |Opposed electrodes | 35, - O.¢
nozrrle tipe vapor capacitance 50,
prassure 10,000 v
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TABLE IT - FUEL INSPECTION. DATA

ASTM distillation D B6-46, Op BExperimental MIT.-P-5624

1 pound Reid Grade JP-3

vapor pressure
Initlal boiling point _ ’ 181 124
Percent evaporated . _

5 B o ' 242 156
10 271 180
20 ’ ’ | 00 220
30 : 319 252
40 N ’ 332 282
50 : . R S T 351 312
60 : ' ' S - 365 ' 344
70 ' : ' ’ 381 378
80 403 ) 408
S0 ' 441 - 447
Final boiling point _ : 508 498
Residue, percent 1.0 1.0
Loss, percent _ . _ 0.5 0.5
Freezing point, °F -76 -76
Accelerated gum, mg/100 ml 5 | eemee--
Air jet residue, mg/100 ml - SR ——
Aromatics, percent by volume, silica gel 5.70 | =me=e—-
Specific gravity ' 0.780 ’ 0.760
Bromine number o 1.4 ] em——
Reld vapor pressure, lb/sq in. 1.0 6.2
Hydrogen~carbon ratioc : 0.170 0.171
Net heat of combustion, Btu/lb 18,690 18,720
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115 v
15,000 v .
400 cycle _ 0.02 J/spark
————————a 800 sparks/sec

Tgniter

24-v, d-o supply Plugs

{2) Btendaxd fnduction-type ignition system.

120 v, B0 cycle.

Peak
voltmeter l
’
Triggering
I~ wmit
1l to 50C
pulses/sec
]
Reotifier - 5,
0-15,020 v J f
120 v |d-¢  output —A
80 cyols JrRU RS AL 444 =z
L .L L 1l
cefesese == ‘_K\
(o]
IE:f 120 v, 60 oyvle uo b4
1 Wy
c4 .012 uf . R2 Opposed plugs
C5 .012 ut ‘ I \ Ignition
C6 .05 uf output

C? .05 uf P ——
C8 .25 uf : - - - Goaxial _ L
Rl Charging resistor 20,00Q alms connection

R2 Charging resiwtor 12,000 olme P

R3 Charging resistor 50,000 clma - Ce e L

(b) High-energy Yariable.aparking-rate capacitance-type ignition system.
Figure 4. -~ Schematic dlsgrem of ignition systems.
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Figure 7, - Effect of fuel volatllity on altituwde-ignitlon limlts of

turbojet englne.
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Pigure 8. - Effect of englne inlet-alr amd fuel temperatures on altitude-ignition

limita of turbojet engine,
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Ignition system , , . , , . . . . . 0.02 J/spark, 800 sparks/sec
Spark pluge . . . . « . « « » » A.C. F-87 and opposed elactrodes
Spark electrode location , . . « « ¢« « ¢+ = « &« + s « « « Varled
SPETK @AD v v « v v s « s o o o o s s s u s s s e s 0,17~0.18 in.
Fusl NOZZIeH , , & 4+ « ¢« o« s 2 » o« v+ s & « s » s « Variable-aresa
Fuel , . . ¢ « o« « o « = o « « + 11b/eq in. Reld vapor preasure
Throttle comtrol . . . . 4 4 v & &« o o s ¢« s o o o o« + +» Varied

50,000

40,00(11\

Sperk-gap immsrsion

Center of combustor
Stanpdard position

oo

30,000
20,000 A\ \$f
\
\\
10,000 A}
\
N
\
AY
\
\ &;
0 =Y
.2 4 6 .8 1.0

Flight Mach number

Figure 9. - Effect of spark-gap lmmerslon on altitude-ignition

limits of turholet engine.



Type of Spark-gap Sparke/sec| Peak |Fuel nozzles |Throttle| Ignition
ignition location voltage J
O [Capacitance | Center of combustor 1 10,000 | Simplex Veried | TYes
0 |Capacitance | Center of combustor 1 10,000 84mplex Varisd No .
< | Induction Standard 800 15,000 | variable-area | Varied | Yes
0 |Induction | Center of combustor 800 15,000 | Varlable-area | Varied | Yea
‘Each gymbol represents several attempts to ignite.
60,000
&2 g a2
= /‘3/ —d}
£ 40,000 BHE / 10
- —E—Jé o $
30,000
20,000
10,000
0 .4 .8 1.2 1.8 2.0 2.4 2.8 3.2 3.6 4.0

Spark energy, J)/sperk

Figure 10. - Effect of spark energy on altltuwde-ignition limits at flight Mach n1inber of 0.6.
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{b) Power required for ignition at various spark
energies.

FPlgure 11. - Spark energy and power required for ignition for varlous
spark-repetition rates.



Ignition unit| Voltage| Electrodes [Ignition|Spark-gap location
ol mca 10,000 |3/16-in. rod| Yes |Center of ccmbus
O HACA 10,000 |3/16-1n. rod| o |Cemter of ocombustor
@i Commercial | 1,000 | Shendard Yoz |Btandard A.C. F-18
0| Comexoial, 1,000 | Standard Ro Btandard A.C. F-19
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55,000 : == -—"’lwre
o
-,-F'
=]
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Fuel nozZZ1OB . . & v « o« o o s ¢ o 5 » 2 & s s & 2 s & » Bluplex
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Flgure 12, - Comperison of altltuwde-ignition limite of commercial dsvelomment capeciiance ignition unit anmd
‘ NACA capacltance unit,
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NACA RM ES52103
Ignition BYEEOM « « + .+ « - - « « « o 3.7 )/8park, 7 sparks/sec
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Tigure 13, - Effect of flight Mach number on altitude-ignition limit of turbolet

engine using 10,000-volt capacitance lgnition unit,
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Pigure 14. - Typlcal osomoeraph trace showlng veloolty changes in croes-fire tubes during 13;:11?:1011 and flame mropagation
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Filgure 15, - Effect of cross-fire-tube diameter on flame-propegation limits of
turbojet engine with varisble-area fuel nozzles ani standard cross-fire-tube

location.
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Flgure 16. - Effect of cross-fire-tube location on flams-propegation limits of
turbojet engine with 2-inch-dlemeter cross-fire tubes and variable-ares

fuel nozzles,
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Pigure 17. - Effect of fuel volatility on flame limits of turbojet engine.
Cross-fire-tube dlameter, 7/8 inch; standard engine location; variable-
area fuel nozzles, L o
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Flgure 18, - Effeect of three types of fuel nozzle. on flame-propagation limite -

of turbojet engine with lg-inch-diameter oross-fire tubes 1n standard
location. ’
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Figure 19, - Effect of altitude on time required to accelerate
from windmilling to 75-percent rated engline speed at several
f1light Mach numbers., Maximum allowable turblne-outlet tempera-
ture, 1760° R.
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Figure 20, - Effect of Jet-mnozzle area on time required to
accelerate from windmilling to 75-percemt rated englne
speed., Flight Mach number, 0.4; maximm allowable turbine-
outlet temperature, 1760° R.
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Figure 21. - Comparison of altitude-starting limits of turboJjet engine before and
after alterations of ignitlon system, cross-fire-tubs dlamster, and jet nozzle.
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